ABSTRACT Amylase activity in several tissue and body fluid compartments in the rat changed markedly when the secretion of digestive enzyme was augmented over a 3-hr period with a cholinergic agonist. As a result of stimulation, the pancreas was depleted of about one-third of its amylase activity and accounted for only 75% of the amount recovered from the animal, compared to 92% in the fasted state. Despite the continuous augmented secretion of the enzyme into the small intestine, no increase in amylase activity was detected there at the end of 3 hr. On the other hand, amylase activity in plasma and extracellular fluid increased by about an order of magnitude and accounted for 13% of the total pool, compared to approximately 1% in the fasted state. Amylase activity in several solid tissues also increased, including a 50-to 100-fold increase in parotid gland and an almost 10-fold increase in submandibular gland and kidney. The potential sources of the increased amylase activity in blood, the endocrine secretion of the enzyme by the pancreas, and its absorption from the intestine are considered. Changes in the amylase content of various tissues appear to reflect increased uptake due to increased plasma levels.
In the classical description of digestion, the pancreas is an exocrine gland that secretes numerous digestive enzymes through its duct system into the intestine, where they digest food and are eventually digested themselves except for a small remnant that finds its way into feces. In recent years this view has been questioned in two ways. The first is that digestive enzymes can be reabsorbed intact although not necessarily in unaltered chemical form (1) (2) (3) (4) (5) (6) and that, at least after several hours of highly augmented secretion, enzyme appears to be conserved in this fashion (2) . The second is that there is a substantial flux of at least some digestive enzymes from pancreas to blood-an endocrine secretion that can be greatly enhanced by natural secretagogues and that has been shown to be capable of rates as large as 10-20% of maximal duct-directed secretion (7) (8) (9) (10) (11) (12) (13) .
As an outgrowth of these observations, we have examined the distribution of the activity of one digestive enzyme, amylase, in a number of tissues in the unstimulated fasted rat and compared it to the distribution seen after pancreatic secretion of digestive enzymes was stimulated by a cholinergic drug for a 3-hr period. The treatment regimen used augments the secretion of digestive enzymes into the intestine by an order of magnitude or more above unstimulated rates for at least 4 hr (14) .
In the traditional view of the digestive process, under these circumstances the gland would become depleted of its amylase content, and amylase activity in the small bowel would simultaneously be increased. Conversely, removal of the secretory drive would lead to an increase in amylase activity in the pancreas and a decrease in the small intestine, because the rate of secretion would now be less than the rate of amylase synthesis in the gland and amylase degradation in the intestine, respectively. Thus, in the traditional view, as a result of stimulation amylase would move irreversibly from one compartment (pancreatic acinar cell) to another (gut lumen) with its concentration being decreased in one and increased as a consequence in the other. The increase in enzyme activity seen in the pancreas during the recovery phase (after removal ofthe secretory drive) would be the result of new protein synthesis and the decrease seen in the intestine would be the result of the degradation of previously secreted enzyme.
These predictions change when we include the two new concepts-endocrine secretion and enteropancreatic circulation of amylase. Both ideas, ofcourse, introduce a third compartment, the blood and accessible interstitial fluid space. An increase in either the release of amylase directly from the pancreas into blood or its absorption from the intestine would increase the amylase concentration in blood if clearance from this compartment did not increase in parallel. In addition, the enteropancreatic circulation hypothesis proposes a sequential shift in the distribution of amylase from pancreas to gut to blood and then back to pancreas. In 
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Physiological Sciences: Miyasaka and Rothman 292.9 ± 6.7 g (n = 8). In previous work it was shown that three injections of this dose of MeChoCl at hourly intervals essentially depletes the pancreas of its zymogen granules and that after 2 additional hr without stimulation the granule content rapidly increases to approach control levels (14) . Heparinized blood was collected from retinal vessels by using capillary tubes, and plasma was separated from erythrocytes by centrifugation. Tissues were washed in 0.1 M sodium phosphate, pH 7.0/50 mM NaCl to remove superficially adherent blood, gently blotted, and weighed. All tissues were homogenized in the phosphate buffer at a tissue-to-fluid ratio of 1:10 (wt/vol) at 4TC. The thyroid and parathyroid glands were removed as a unit and designated "thyroparathyroid." Cerebrum and cerebellum were combined as "brain." "Muscle" is the combined value for the gastrocnemius and abdominal wall skeletal muscles. Total muscle amylase was calculated by using 40% of body weight as an estimate of muscle mass. Extracellular fluid amylase was calculated by using 10% of body weight as an estimate of accessible extracellular space. The intestine was divided into three parts: small intestine, cecum, and colon. The lumen ofeach segment was rinsed with 5.0 ml ofcold 0.9% NaCl and the effluent was retained as the "content" of the segment. The intestines were then opened longitudinally and the intestinal mucosa was removed by gentle scraping ofthe surface with a spatula. a-Amylase activity was measured by using blue starch polymer no. 51 (Phadebas Amylase Test, Pharmacia) (15) as the substrate. Ten pellets containing the polymer, salts, and buffer were dissolved in 40 ml of H20. Samples were added to 2.0 ml of this suspension. Sample size varied greatly, from microliter aliquots for some tissue homogenates to the whole tissue sample for others. The reaction mixture was incubated for 15 min in a shaking water bath at 370C and the reaction then was stopped by the addition of 1.0 ml of0.5 M NaOH. Samples were filtered through Whatman no. 1 filter paper, and the absorbance of the filtrate was measured at 620 nm. The absorbance was compared to a standard curve prepared with twice-crystalized porcine amylase (748 units/mg; Worthington). The results are presented as pmol of the porcine amylase standard.
Values for amylase in each tissue and body fluid compartment are the measured activity of the enzyme at these sites and do not account for potential differences in specific activity between rat and porcine amylase or between locations in the rat. Thus, comparisons between amylase activities in different tissues and in the same tissue under different circumstances only provide information about the generic enzyme's activity. The use of terms such as "concentration" and "content" refer exclusively to activity per unit volume or weight or to the total activity found in a particular tissue.
"a-Amylase" is any enzyme that splits a-1,4 glucosidic bonds. It does not refer to a particular unique gene product or group of gene products. In these studies it is any substance in the tissue capable of splitting this bond under conditions of the assay. The source and nature of this activity in the fasted unstimulated state for tissues that are not normally thought of as containing this enzyme-such as brain, muscle, and thyroparathyroid gland-cannot be ascribed to any particular amylolytic agent. We have intentionally chosen this approach to estimate total body amylase activity in an attempt to consider its distribution and changes that might occur in that distribution in the most general way possible. This approach was useful, as the results presented below show.
Control experiments were performed in which samples of the various tissues and body fluids were incubated with the substrate (at 37TC for 15 min) after amylase activity was inhibited by the addition of 1.0 ml of 0.5 M NaOH. The absorbance of these samples, with the exception of brain tissue, was indistinguishable from that of substrate blanks.
Other control experiments were performed in which standard aliquots of a-amylase (porcine, Worthington; 793 units/ mg) were added to samples ofeach tissue homogenate and body fluid (16 separate samples in all) to assess their effect on the activity of the exogenous enzyme. Tissue samples were taken both from unstimulated fasted rats and from rats after the usual pattern of cholinergic stimulation. Duplicate or triplicate measurements were made when possible. Although minor deviations from 100% recovery were seen in some tissues, there was no indication of substantial inhibition or enhancement of amylase activity. The recovered activities among the different tissues ranged from a low of 85% of the predicted value to a high of 108%. Furthermore, no large differences were observed in the same tissue between unstimulated and stimulated states, and the range of differences in the amounts recovered between the two states varied from 2% to 17% among the tissues. The amount of amylase activity recovered overall-that is, the sum of activity added to the 16 different tissue and body fluid samples-was 98% ofthe predicted value for the unstimulated state and 95% after stimulation. The significance of sample population differences was assessed by using Student's two-tailed t test for unpaired samples, modified when necessary for inhomogeneous variance. In cases in which parametric statistics could not be applied, the Wilcoxon rank sum test was used instead.
RESULTS
Distribution of Amylase Activity in the Fasted Rat. More than 90% of the amylase activity recovered from the unstimulated fasted rat was in the pancreas (Fig. 1) , and >99% could be accounted forby the amylase activity ofpancreas (92%), small intestine [mucosa (2.8%) and content (3.0%)], and extracellular fluid (1.3%). The remaining 1% was primarily in liver and skeletal muscle, with lesser amounts in submandibular glands and kidney. The cecum and colon contained <0.01%, and the parotid gland, which is thought to be a major secretory system for amylase, contained only about 0.003% of the total.
Comparison of amylase concentration (activity per g or ml) in the various compartments gives a somewhat different picture. Once again, it was greatest in pancreas-S0 times that of the tissue with the next highest concentration (the small intestinal mucosa) ( Table 1 ). The contents of the small intestine (diluted with 5 ml of 0.9% NaCI) was third, and plasma was fourth. Thus, the four compartments with the highest concentrations of amylase were the same ones that contained the highest percentage of amylase activity. However, values for the remaining 1% were ordered differently: submandibular gland, colonic mucosa, liver, thyroparathyroid gland, parotid gland, and kidney in descending sequence (Table 1 ). There was a low concentration of amylase in muscle even though it accounted for a higher relative percentage of total activity because of the large mass. The same applied to brain. The amylase concentration of cecal mucosa was very low, and little amylase activity was found in the contents of either colon or cecum.
Effect of Cholinergic Stimulation on the Distribution of Amylase Activity. The pancreas lost about one-third of its amylase activity as a result of 3 hr of cholinergic stimulation. At the end of this period, only about 75% of the recovered activity was there, compared to about 92% in the unstimulated rat. Thus, there was both an absolute decrease in amylase activity in the pancreas and a decrease in its proportion of the total recovered from the animal (Fig. 1) . Unexpectedly, there was no increase in amylase activity in the small bowel ( (Fig. 1) Values are means ± SEM. n = 8 for all measurements in II and Ill. In I, n = 6-8 for intestinal mucosa and content, n = 5 for brain, n = 8 for kidney, and n = 12-18 for all other tissues. Values for plasma and contents of small intestine, cecum, and colon are presented as pmol/ml. NS, no significant difference. * Wilcoxon rank sum test.
or indirectly due to absorption from the intestine of previously secreted amylase. Regarding the former possibility, cholinergic stimulation and the peptide hormone cholecystokinin-pancreozymin can greatly augment the basolateral flux of amylase (7-10, 12, 13) . This flux may be quite large and has been estimated to account for as much as 20% ofmaximal duct-directed secretion under certain circumstances (7, 8, 10, 12, 13 3-hr period and a proportional increase in degradative rate (10-fold), then there would also be a 10-fold increase in amylase activity in the gut. Thus, in order to explain the absence of such an increase in terms of degradation, degradation would have to have been enhanced to a substantially greater degree than secretion. Such an effect would not make functional sense in the presence of food, essentially decreasing the digestive power of individual enzyme molecules in face of an increased load, but cannot be disproved on the basis of current evidence. However, because amylase activity in the small intestine was not increased at all, we would have to require further that the increase in degradative power be of the right magnitude to counterbalance the increased output of enzyme into the gut; that is, the increase in degradative rate would have to be regulated relative to the rate of enzyme secretion.
In addition to increases in the amylase activity ofextracellular fluid, cecum, and colon, there were also increases in various solid tissues. The washing procedure effectively removed most of the adherent blood and extracellular amylase because the activity recovered in liver and thyroparathyroid gland did not increase despite a 10-fold increase in plasma levels with cholinergic stimulation. This suggests that the increases in tissue content reflect cellular uptake. This is also supported by the following: (i) even though amylase activity in muscle and brain increased, the increase was less than proportional to the increase in plasma; (ii) although the increases in kidney and submandibular gland amylase were roughly proportional to the increase in plasma levels, decreases during the recovery period were not; and (iii) amylase activity in the parotid gland increased 5-10 times more than it did in plasma. The most direct explanation for cellular uptake is that it increased as a result of an increased "driving force"-i.e., the increase in plasma amylase concentration. The three other possibilities for increased tissue amylase activity-decreased release ofamylase already present, changes in its specific activity, and increased synthesis-are not explicitly excluded here but they do not seem likely to account for the diverse group of effects that were observed. The possibility that there was a 50-to 100-fold increase in the rate of amylase synthesis in the parotid gland seems unlikely because there was an approximately 1 order of magnitude reduction in its amylase content during the recovery period when secretion should, if anything, decrease.
Unless a degradative process can be shown to account for the absence of an increase in amylase activity in the small intestine despite the continuous high rate of amylase secretion into that compartment, substantial absorption of secreted enzyme occurred, in accordance with the prediction of the enteropancreatic circulation hypothesis and consistent as well with other evidence for such processes (1-3, 5, 6 ). On the other hand, the fate of amylase cleared from blood during the subsequent 2-hr recovery period is not made clear by these experiments. Although there was apparently a reciprocal change in amylase activity in plasma and pancreas (±9% of the total) during recovery, the data do not permit us to conclude that this reflects reuptake of amylase by the pancreas across the basolateral surface such as has been demonstrated elsewhere (1, 2, 4, 8, 10) , and the possibility that other processes may be responsible either wholly or in part for its removal from the vasculature is not excluded.
Whatever questions remain about the exact nature, expression, and kinetics of these processes, the evidence does not appear to support the traditional view of digestive enzyme secretion and handling.
